Abstract. Fluorescence resonance energy transfer (FRET) can be utilized to gain low-resolution structural information by reporting on the proximity of molecules or measuring inter-and intramolecular distances. This method exploits the fact that the probability of the energy transfer is related to the separation between the fluorescent molecules. This relationship is well described for a single pair of fluorophores but is complicated in systems containing more than two fluorophores. Here, we present a Monte Carlo calculation scheme that has been implemented through a user-friendly web-based program called ExiFRET that can be used to determine the FRET efficiency in a wide range of fluorophore arrangements. ExiFRET is useful to model FRET for individual fluorophores randomly distributed in two or three dimensions, fluorophores linked in pairs or arranged in regular geometries with or without predefined stoichiometries. ExiFRET can model both uniform distributions and fluorophores that are aggregated in clusters. We demonstrate how this tool can be employed to understand the effect of labeling efficiency on FRET efficiency, estimate relative contributions of inter-and intramolecular FRET, investigate the structure of multimeric proteins, stoichiometries, and oligomers, and to aid experiments studying the aggregation of lipids and proteins in membrane environments. We also present an extension that can be used to study instances in which fluorophores have constrained orientations.
Introduction
Fluorescence resonance energy transfer (FRET) spectroscopy is an important tool for investigating the structure and function of biological systems. FRET is based on the spontaneous nonradiative energy transfer from an excited donor to a suitable acceptor. The likelihood of this energy transfer, known as the FRET efficiency, shows a 6th-power dependence on the separation of donor and acceptor. 1 FRET is useful for determining the proximity of molecules and measuring inter-and intramolecular distances in the range of 10 Å to 100 Å. Among many other applications, FRET has been used to investigate the structure and dynamics of biomolecules, 2-4 study the aggregation behavior of proteins and lipids in membrane environments, [5] [6] [7] [8] and to characterize polymeric materials. 9, 10 Quantitative measurements of FRET often aim to relate FRET efficiency and donor-acceptor separation. This relationship is well defined for a single donor-acceptor pair. However, many current applications of FRET include multiple donors and acceptors, and as a result the original single-distance expression cannot be used. One way of addressing this issue is to develop an analytical expression that describes FRET for a specific arrangement of donors and acceptors unique to a system of interest. The aim of this approach is to derive a function that relates FRET efficiency to a quantity of interest such as the radius of a tetrameric array of fluorophores or the density of fluorophores within a membrane. Analytical methods have been used to detect and characterize microdomains in membranes, [11] [12] [13] monitor lipid and protein interactions, 14, 15 and to investigate proteins that form oligomeric complexes. [16] [17] [18] [19] One of the advantages of analytical expressions is that they uniquely describe the FRET efficiency for a specific fluorophore distribution. Yet, this advantage also becomes a limitation as these models often show poor transferability to other systems. Furthermore, analytical expressions are often complex even for relatively simple systems, and fitting the necessary parameters might be required to make them suitable for the analysis. Another shortcoming is that most analytical methods are not suitable for modeling nonuniform distributions of fluorophores.
Numerical methods, such as Monte Carlo simulations (MCS), lend themselves well to modeling even complex arrangements of fluorophores and thus provide an alternative to analytical expressions. A series of studies have demonstrated that numerical methods are useful for the analysis and interpretation of data from FRET experiments. Wolber et al. 20 and Towles et al. 13 used results from MCS to validate analytical expressions. Singh and Raicu 21 investigated FRET in homogeneous and heterogeneous distributions of fluorophores and employed MCS to compare different methods of analyzing FRET data. Berney and Danuser 22 compared different methods of measuring and quantifying FRET efficiency and used MCS to provide independent reference values. Frederix et al. 23 showed that MCS can aid with the interpretation of data from microscopy experiments by simulating FRET between fluorophores on actin filaments, including the effect of photobleaching. Numerical methods proved to be especially helpful when modeling the nonuniform distributions of lipids and proteins in membrane environments. Frazier et al. 24 used MCS to interpret the results from FRET experiments and investigate phase separation of a lipid mixture. Zimet et al. 25 modeled FRET between donors bound to membrane proteins and acceptors bound to lipids to study the effect of crowding on the quantum yield of the donor. Snyder and Freire 26 developed a numerical method to describe donor quenching of fluorophores in membranes. Kiskowski and Kenworthy 27 used MCS to demonstrate that FRET can be used to detect and characterize microdomains in membranes by studying the effect of clustering on FRET efficiency.
In contrast to analytical expressions, numerical methods do not define FRET as a function of a specific property or unique fluorophore arrangement. Rather, they model FRET by generating a set of donor and acceptor coordinates that emulate the real distribution of fluorophores found in the experiment. FRET efficiency is then simply calculated as a function of the donoracceptor separations of all possible pairs. If implemented using a modular approach, numerical methods are flexible and can be used to investigate FRET in systems with different geometries or fluorophore distributions without the need to re-develop the method.
In a previous article, 28 we presented a simple and flexible Monte Carlo calculation scheme that was implemented using a FORTRAN program called ExiFRET. This program can be used to model FRET for a given distribution of fluorophores represented by coordinates that define their location in space. The system consists of individual fluorophores that are randomly distributed in two or three dimensions, or fluorophores that are arranged in regular geometries, such as when linked in pairs or pentamers. In this article, we present a user-friendly web-based version of this program that includes many extensions from the previous program. The aim of these extensions was to increase the flexibility of the program, thereby enabling it to generate fluorophore coordinates to emulate a large range of experiments. Furthermore, it also allows us to propose experiments that might be useful for obtaining structural information from complex systems.
In addition to the existing functionality, the extensions of the program include options to:
• generate fluorophore coordinates that can simulate hosts that contain only donors or acceptors. This is useful for modeling experiments where the fluorophores are attached to separate molecules. For example, for monitoring the self-association of proteins and lipids or reporting on the proximity of a ligand and its target protein.
• enforce a fixed stoichiometry of donors and acceptors within each host. This is useful for modeling heteromeric proteins with a known stoichiometry of subunits.
• model a reduced labeling efficiency in order to quantify its effect on FRET efficiency.
• model FRET for fluorophores that are arranged in clusters (i.e., aggregated into circular micro-domains). This has the potential to aid in the analysis of FRET experiments aimed at monitoring the aggregation behavior of lipids and proteins in membrane environments.
• calculate FRET for a set of user-provided fluorophore coordinates. This allows the program to be used to model FRET for any configuration of fluorophores.
• to model FRET between fluorophores with constrained orientations by accounting for the fluorophore's position in space, orientation, and mobility of the transition dipoles.
ExiFRET is available as a web-based version that allows the online execution of the program. The output can be retrieved from the website as simple text files. The website (www.exifret .com) also contains documentation of all input parameters and example input files for the data presented in this paper.
The remainder of the article is organized as follows: The Methods section provides a short summary of the Monte Carlo simulation scheme and describes how the new options were implemented into the existing program. The Results section outlines some examples of how these new input parameters can be used to investigate a range of different FRET experiments.
Methods
The Monte Carlo simulation scheme presented in this paper is an extension of the previously described ExiFRET . 28 The following section only provides a short overview of the steps required to generate the coordinates of fluorophores and calculate the FRET efficiency and lists the underlying theoretical assumptions. For a more detailed description of the individual steps and the theoretical background, the reader is referred to the previous publication. 28 
Monte Carlo Simulation Scheme
The aim of the simulation scheme is to calculate the FRET efficiency for different arrangements of fluorophores in two or three dimensions. The simulation system is defined by a set of parameters that are provided by the user as an input file. Table 1 gives a short description of the main input parameters. The process of FRET is simulated by modeling the incoming radiation as a series of discrete photons that are "played" according to a predefined time schedule. The incoming photons that are absorbed cause excitation of an available donor. Relaxation of the donor can occur via fluorescence or by transfer of energy to an available acceptor. The time for the relaxation is chosen based on the rate constant of these processes. By keeping a count of the number of fluorescence and energy transfer events, the overall FRET efficiency is calculated. Figure 1 illustrates a schematic overview of the steps involved in calculating the FRET efficiency. In Step 1, a set of fluorophore coordinates in two or three dimensions is created based upon the input parameters. The coordinates are generated by an annealing procedure that prevents the fluorophores from overlapping. The simulation allows for regular geometries of particles by assigning fluorophores into so called n-mers, which consist of n fluorophores linked in a fixed relative orientation. For n ¼ 1, the individual fluorophores are distributed randomly; while for n ¼ 2, the fluorophores are linked as pairs. For n ≥ 3, the fluorophores are regularly distributed either on a circle or sphere (3-D only) of a specified radius or hexagonally packed into tight oligomers (2-D). In Step 2, the fluorophores are randomly assigned a type (donor or acceptor) while enforcing the donor-acceptor ratio (Pdonor) and stoichiometries (dastoichiometry, daseparate), as defined in the input file. The transfer probability of each possible donor-acceptor pair based on the fluorophore separation and the provided R0 value is calculated in Step 3. An excitation schedule is prepared to simulate the flux of photons generated by the laser (Step 4). The rate at which the photons strike the system depends on the light intensity, which is modeled by calculating the flux of the photons based on the irradiance and the wavelength of the laser. The number of photons that are absorbed by the fluorophores depends on the number of donors in the system and the extinction coefficient. While previous calculations 28 suggest that typical laser irradiance values do not significantly influence FRET 
Radius

≥0
Defines the size of the n-mer. The radius can be thought of as that of the host protein to which the probes are attached.
Density
>0
Density at which the n-mers are distributed through the system, in n-mers per
da stoichiometry True or false True: a fixed stoichiometry of donors and acceptors within each n-mer is enforced, as defined by the number of acceptors per n-mer and donors per n-mer. False: produces n-mers of mixed stoichiometries.
da separate True or false True: each n-mer contains only donors or only acceptors. False: fluorophores are randomly assigned as donors or acceptors and, hence, produces n-mers that contain both donors and acceptors Second radius True or false True: two different radii are used to avoid overlapping the hosts and to determine the separation of the fluorophores for calculating FRET efficiency.
Avoid overlap True or false True: the fluorophores are arranged such that no n-mers overlap by using an excluded volume around each n-mer. False: no excluded volume is used and n-mers can overlap.
Planar n-mers True or false Active only if the system's dimension is 3. True: n-mers are distributed in a plane (i.e., a cricle). False: distributed in a sphere.
Clusters
True or false True: n-mers are arranged in clusters. The system is defined by the cluster size and the number of clusters. False: n-mers are arranged in a random and homogeneous distribution.
R0
≥1
Characteristic distance of the donor-acceptor pair, in Å
Configurations
≥1
Number of configurations used for calculating the average FRET efficiency of a given system. Donor probability (Pdonor ) 0 < Pdonor < 1 Probability of any fluorophore being a donor (related to the d∶a ratio).
Labeling efficiency (l) 0 < l ≤ 1 Defines the proportion of sites that are labeled as a donor or acceptor.
Particles ≥1 Number of n-mers.
Photons
≥1
Number of absorbed photons used per configuration.
Irradiance
>0
Irradiance of the illuminating laser, in W ∕μm 2 .
Wavelength
>0
Wavelength of the illuminating laser, in nm.
Donor lifetime >0
Fluorescence lifetime of the donor in the absence of the acceptor, in ns.
Acceptor lifetime >0 Fluorescence lifetime of acceptor, in ns.
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Step 5, the energy transfer is modeled by playing the photons based on a predefined schedule. For each photon, the algorithm randomly chooses a donor from a previously generated list. This list excludes donors that have been previously excited and have not relaxed. The donor releases its energy either via fluorescence or energy transfer to an acceptor based on the relative probability of each process. The process of playing photons is repeated for the entire excitation schedule. A total count of the fluorescence and FRET events is maintained and subsequently used to calculate the FRET efficiency for that specific configuration of fluorophores (Step 6).
The entire procedure, steps 1 through 6, is repeated for a large number of configurations (we typically use >1000) in order to calculate an average FRET efficiency for a given set of input parameters. All of the extensions described in Sec. 2.3, apart from the case of constrained orientations, are concerned with the arrangement of the fluorophores. Hence, the extensions described only involved changes to the modules that generate the fluorophore coordinates and assign fluorophore types (Step 1 and 2). The overall scheme for modeling the incoming photons and calculating the FRET efficiency for a given configuration remains unchanged. Examples of input files can be found on the ExiFRET website (www.exifret.com).
Assumptions
The calculations in ExiFRET are based on a series of assumptions that might affect the validity and applicability of the predicted FRET efficiency:
• The algorithm does not model transfer between 2 donors or 2 acceptors (homo-FRET) or multiple transfer events for single packets of energy.
• Every photon absorbed by a donor has one of two fates: it is released via fluorescence or transfers energy to an available acceptor. Although in reality the excited state of the donor can decay by other mechanisms, these are not modeled in ExiFRET. This assumption does not affect the results of our calculations because the FRET efficiency is calculated from the ratio of the number of photons released via fluorescence and the number of photons that undergo energy transfers, and this will remain unchanged if some photons are lost from the donor by other decay mechanisms. Similarly, the mechanism of de-excitation of the acceptor does not affect the mode of relaxation of the donor and, hence, does not change the ratio of FRET and fluorescence events.
• The calculations assume that when multiple FRET acceptors are present, the quantum of energy is either released from the donor or transferred in toto to only one of the acceptors present. Furthermore, the transfer pathway of each donor is independent and, thus, the overall transfer rate for a given donor is the sum of the individual transfer pathways (referred to as the "kinetic model" 29 ). The overall FRET efficiency is summed over all donors. These assumptions have been well validated for cases of multiple fluorophores, particularly through the measurement of FRET in solution, 28, 30 or cases with a single donor and multiple acceptors, 31 although a recent study questions its validity in specific situations. 29 • The value of R0 depends on, among other things, the relative orientation of the donor and acceptor transition dipoles, as given by the orientation factor κ 2 . The algorithm in ExiFRET does not assume any particular value for κ 2 but instead leaves this to be specified by the user through the value of R0 in the input file.
• The annealing procedure that assigns the fluorophore coordinates assures that no n-mers overlap by using an excluded volume around each n-mer where no other fluorophore can reside. This option can be disabled if desired.
• After the donor becomes excited at time Te, it remains excited for a period Td. The donor is unavailable until time Te þ Td. Td depends on the rate of energy release from the donor, which is given by the lifetime of the unquenched donor, the number of available acceptors, and the transfer probabilities of all donor-acceptor pairs.
• Similarly, if an acceptor becomes excited it remains excited for a period Ta, which depends on the acceptor lifetime. Although in reality the acceptor will only become excited at a time interval after the de-excitation of the donor; here we assume the acceptor is unavailable in the time interval Te þ Ta.
New Input Parameters
Clustering of fluorophores
We have extended the annealing procedure to allow for the generation of coordinates for fluorophores arranged in circular clusters (for 2-D only). Figure 2 illustrates the difference between a random arrangement and fluorophores that have aggregated into clusters. These microdomains are modeled as a number of independent circular regions of high fluorophore concentration, as defined by the number of clusters and their size (defined by their radius). The annealing procedure randomly distributes the clusters within the system avoiding overlapping regions. Each fluorophore is randomly assigned to a cluster which creates regions of different local density while fulfilling the system-wide fluorophore density defined in the input file. The same annealing procedure is reused to randomly distribute the fluorophores within each cluster, thereby producing a final set of fluorophore coordinates that are used to calculate the FRET efficiency.
Assignment of fluorophore type
In the original simulation scheme, the fluorophores are randomly assigned to be donors or acceptors such that the systemwide donor-acceptor ratio matches the input parameter, Pdonor.
The new input, daseparate, allows the user to generate n-mers that contain only donors or acceptors (see Sec. 3.1 and Fig. 4) . A new parameter, dastoichiometry, allows the user to control the stoichiometry of the donors and acceptors within each n-mer. Although this procedure enforces a fixed ratio of donors and acceptors, their exact position within each n-mer is still randomly chosen.
Size of the n-mer
Fluorophores that are arranged in a regular geometry are very useful for modeling FRET in multimeric proteins where the fluorophores are attached to the individual subunits. In the calculation scheme, the size of the n-mers is defined by the radius of the circle or sphere on which the fluorophores are distributed in a fixed relative orientation. This radius is used in two steps of the algorithm. First, it is used in the annealing procedure to avoid overlapping the host molecules. Second, the radius is used to position the fluorophores themselves around the host. In fact, two different radii can now be defined for these two tasks: 1. the radius describing the size of the host molecule to avoid overlapping n-mers; 2. the radius that defines the n-mer formed by the fluorophores which defines the fluorophore positions (see Fig. 8 , inset). To use two different radii, a logical input parameter (second radius) is set to true; otherwise only the larger radius is used.
Labeling efficiency
Reduced labeling efficiency can significantly lower the observed FRET efficiency. A new input parameter allows the user to specify a labeling efficiency to model the effect of unlabeled sites on the final FRET efficiency. Rather than simply scaling the final result of the calculation by the labeling efficiency, the input parameter is used when assigning fluorophore types. In addition to donors and acceptors, a new particle type, known as "empty," was created. The assignment of these empty sites is random such that each fluorophore in the system has an equal probability of being an unlabeled site. The labeling efficiency ðleÞ effectively reduces the total number of fluorophores such that nempty ¼ ntotal − ð1 Ã leÞ, nacceptor ¼ ntotal Ã le Ã ð1 − PdonorÞ and ndonor ¼ ntotal Ã le Ã Pdonor
User-provided coordinates
The extended version of ExiFRET allows the user to provide a text file with the positions and types of a set of fluorophore coordinates to describe any system they desire. In this case, Step 1 and 2 in the algorithm (Fig. 1 ) are bypassed and the x, y, and z coordinates, as well as the fluorophore type, are read from the text file. Other calculation parameters, such as the donoracceptor ratio and the fluorophore density, are calculated from the input data. The calculation scheme then proceeds normally with Steps 3 through 5. The only difference is that in this case the FRET efficiency is calculated for the single configuration that is provided by the user and, hence, the final result is not averaged over many configurations.
Results
Background Concentration
One use of FRET is to determine the distance between two specific sites in a molecule based on measuring the FRET efficiency between a donor and acceptor that are attached to the same host (intramolecular FRET). Any occurrence of FRET between host molecules (intermolecular FRET) can interfere with these intramolecular events. The likelihood of intermolecular FRET increases with increasing host density, such as in samples with a high concentration of host molecules, or through an increase in the local concentration caused by the crowding of host molecules. This increase in intermolecular FRET will cause a systematic error and disrupt any effort to use the FRET efficiency of the donor-acceptor pair of the same host. It is usually impossible to experimentally determine the relative contributions of inter-and intramolecular FRET to the total observed FRET efficiency, hence the presence of intermolecular FRET introduces uncertainty. ExiFRET can be used to prepare a plot of FRET efficiency versus fluorophore separation (for a given density of fluorophores) that includes FRET from both inter-and intramolecular FRET and allows for the correct determination of intramolecular distances. Figure 3(a) shows the relationship between the FRET efficiency and the donor-acceptor separation of a single host for different average densities of host molecules distributed in 2-D. The FRET efficiency is very different at different host concentrations, even with a fixed donor-acceptor separation for each host.
It is also possible to use ExiFRET to quantify the contributions of inter-and intramolecular FRET to the total observed FRET efficiency as a function of surface density. In Fig. 3(b) , this is plotted for hosts containing a single donor-acceptor pair.
Alternatively, an estimate of inter-and intramolecular FRET can also be obtained by comparing plots of FRET efficiency versus surface density of systems with different combinations of mixed and separate donor-acceptor hosts [ Fig. 4(a) ]. The new input parameters, daseparate and dastoichiometry, were used to define three cases of similarly arranged fluorophores that show different combinations of inter-and intramolecular FRET. In case 1, the stoichiometry of the donors and acceptors within each n-mer is not fixed and both mixed and separate hosts are present (dastoichiometry ¼ false, daseparate ¼ false). Therefore, both inter-and intramolecular FRET are possible. In case 2, each n-mer consists of a donor-acceptor pair by enforcing a fixed stoichiometry (dastoichiometry ¼ true, daseparate ¼ false). This increases the likelihood of intramolecular FRET, resulting in an increase in the overall FRET efficiency. Case 3 describes n-mers that contain either only donors or only acceptors and, hence, removes the possibility of intramolecular FRET (dastoichiometry ¼ false, daseparate ¼ true). This decreases the overall FRET efficiency. Provided the level of intermolecular FRET is equal in all cases, the contribution of intramolecular FRET in case 1 and 2 can be determined by subtracting the FRET efficiency of case 1 from the FRET efficiency of case 2 or 3. We confirmed this by calculating the relative contributions from inter-and intramolecular FRET for each case [ Fig. 4(b) ] and found that all three cases show very similar levels of intermolecular FRET efficiency. Therefore, this approach has the potential to be useful for estimating the relative contributions of inter-and intramolecular FRET over a range of fluorophore concentrations. Another interesting outcome of the simulation of these three cases is that intramolecular FRET decreases with increasing surface density. This means the contribution of intramolecular FRET to the total FRET efficiency decreases because the intermolecular FRET starts to compete with the intramolecular FRET.
Multimeric Proteins and Oligomers
Another possible use of FRET is to examine the physical dimensions of oligomeric proteins. Previous studies have used analytic expressions or numerical methods to determine the relationship between FRET efficiency and either the radius of the oligomer 28, 32, 33 or the number of subunits involved. Adair and Engelman 34 showed that FRET can be used to differentiate between dimers and larger oligomers. More recent studies have demonstrated that it is possible to quantify the number of subunits in larger oligomeric proteins and to estimate the fraction of proteins that remain present as monomers. [16] [17] [18] [19] 35 An advantage of using numerical methods, as described here, is that they can they account for intermolecular FRET (see Sec. 3.1) and can model clusters of oligomers (see Sec. 3.3).
In Fig. 5 we show how FRET efficiency depends on the physical size of the oligomers for oligomers containing between two and eight subunits with a fluorophore on each monomer that has been randomly assigned to be a donor or acceptor. This plot highlights the fact that none of these lines follow the 1∕R 6 relationship one would expect for donor-acceptor pairs. Having such a plot is crucial when using FRET to quantitatively investigate the structural changes that take place in multimeric proteins such as ion channels. 32, 33 ExiFRET also shows how the number of subunits in an oligomer can be determined from appropriate FRET experiments. Figure 6 shows plots of FRET efficiency versus donor probability (i.e., donor to acceptor ratio) for a series of ringshaped oligomers with increasing numbers of subunits. Although all graphs are of similar shape, the maximum FRET efficiency shows a systematic shift to the left with an increasing number of subunits. Plots of FRET efficiency versus multimer radius might also be used to investigate the effect of a fixed stoichiometry of different subunits in heteromeric proteins on FRET efficiency. Figure 7 shows plots of FRET efficiency versus multimeric radius for a series of pentamers with different stoichiometry of donors and acceptors in comparison with pentamers with random stoichiometry. Predicting the effect of stoichiometry of the subunits on the FRET efficiency might be useful for investigating multimeric proteins of unknown stoichiometry.
When using FRET to determine the radius of a multimeric protein, it might be necessary to consider the size of the fluorescent probe relative to the size of the host molecule. The observed FRET efficiency is based on the fluorophore positions, which are not necessarily equal to the positions of the host subunits to which the probes are attached. If the size of the fluorescent probe is small relative to the size of the host, this difference in positions might not be important. However, with large fluorescent probes or long linkers, significant differences can arise (see Fig. 8, inset) . Figure 8 shows a plot of FRET efficiency versus fluorophore density that was calculated with and without considering the size of the fluorescent probe for pentamers of size 50 Å with probes with a linker length of 12 Å. The results show that deviations in the FRET efficiency can be as large as 10%.
Labeling Efficiency
The inability to label every targeted site on the host protein will lower the observed FRET efficiency, resulting in uncertainty if Note that the intramolecular FRET is always 0 for case 3. Case 1: every site has equal probability of being a donor or acceptor (solid lines). Case 1 is modeled using dastoichiometry ¼ false, daseparate ¼ false. Case 2: each host has one donor and one acceptor (dashed lines). Case 2 is modeled using dastoichiometry ¼ true, daseparate ¼ false. Case 3: each host has either two donors or two acceptors (dot-dot-dashed lines). Case 2 is modeled using dastoichiometry ¼ false, daseparate ¼ true. the data are used for quantitative analysis. ExiFRET can be used to quantify the effect of reduced labeling efficiency on FRET efficiency. In Fig. 9 , we plot the FRET efficiency versus fluorophore separation in tetrameric arrangements of fluorophores for a series of labeling efficiencies. As expected, decreasing the percentage of sites that are labeled decreases the resulting FRET efficiency. If estimates of the likely labeling efficiency can be determined experimentally, such plots can be used to account for inefficient labeling or to obtain estimates of the uncertainty that is introduced into the FRET efficiency.
Presence of Clusters or Microdomains
The formation of microdomains in membrane environments has been associated with a range of physiological processes; hence, understanding the partitioning and aggregation of lipids and Fig. 5 FRET in multimeric proteins. The FRET efficiency is plotted versus the radius of the multimer in 2-D for a situation in which each subunit has equal probability of holding a donor or an acceptor. Numbers next to each curve refer to the number of subunits in the multimer (n-mer size). The different mulitmers are shown on the right. Fig. 6 FRET efficiency is plotted against donor probability for a series of oligomers of increasing n-mer size (given beside each curve) distributed in 2-D. The multimer radius in each case is chosen such that the FRET efficiency is 0.5 when the donor probability ¼ 0.5. and Kenworthy. 37 A number of subsequent studies 7, 8, 38 have confirmed the use of FRET to indicate aggregation and detect microdomains (see Refs. 5 and 6 for reviews). This method exploits the fact that the aggregation of donors and acceptors in microdomains causes a local increase of fluorophore concentration, which results in an increase in the FRET efficiency when compared with systems with a random and homogeneous distribution of fluorophores. 7, 25, 39 However, as noted by Kiskowski and Kenworthy, 27 the presence of increased FRET is not enough evidence to demonstrate the existence of clusters; but the dependence of FRET on properties such as fluorophore density should be used to differentiate between microdomains and homogeneous random distributions of particles. For a clustered distribution, it can be expected that the FRET efficiency shows less dependence on the overall fluorophore concentration (i.e., surface density) as opposed to the linear relationship in a random and homogeneous distribution. 7, 39 Zacharias et al. 40 used the same argument in FRET experiments to investigate the clustering of lipid-modified green fluorescent proteins. To demonstrate this, we used ExiFRET to prepare plots of FRET efficiency versus fluorophore surface density for random and clustered distributions. The results in Fig. 10(a) confirm that the lack of change in FRET with increasing surface density signals the presence of clusters. Beyond simply detecting the presence of clusters, FRET can also be useful to extract information about the intradomain density of fluorophores and the size of the cluster. Figure 10(b) shows that the FRET efficiency depends on the fluorophore surface density inside the domain as well as on the physical size of the domain. Similar results were reported in a Monte Carlo study of FRET for disk-shaped domains. 27 They showed that intradomain FRET is fully described by the local acceptor density. Deducing the size of clusters from FRET efficiency is, however, a much harder task because there is often no unique solution. Different combinations of cluster size and intradomain density can result in the same FRET efficiency. Kiskowski and Kenworthy 27 found that simulations where donors and acceptors are co-localized inside microdomains cannot be used to extract the cluster size. Our own simulations of co-localized donor-acceptor clusters confirmed this, as we found that the FRET efficiency shows very small variations over a large range of cluster sizes (for a constant intradomain density). Yet, Kiskowski and Kenworthy showed that it is possible to determine the domain radius independently of the intradomain density by performing simulations where the donors and acceptors are not colocalized but where the donors are aggregated into domains surrounded by uniformly distributed acceptors. 27 Similarly, Towles et al. 13 presented a method that uses an analytical model in combination with Monte Carlo simulations to extract the domain size of nanoscale lipid rafts from timeresolved FRET data, although this method requires a priori knowledge of the phase diagram of the membrane system being investigated. Sharma et al. 38 used homo-FRET and theoretical analyse based on analytical expressions to study the size and surface organization of glycosylphosphatidylinositol (GPI)-anchored proteins in living cell membranes.
The results in Figure 10 and the previously published findings 7, 27 demonstrate that numerical methods, such as ExiFRET, can be very helpful for developing methods to use FRET for investigating microdomains and the aggregation behaviors of lipids and proteins. The flexibility of such methods means that clusters formed by individual fluorophores or multimeric proteins and oligomers can be studied without the need to adjust the method of calculating FRET.
Fluorophores with Constrained Orientations
All the examples discussed so far do not directly consider the relative orientation of the fluorophores. Rather, a system-wide value of R0 is used for these calculations. In practice, the value of R0 includes information about the relative fluorophore orientations through the so-called orientation factor κ 2 . While the use of a system wide value of R0 need not imply a specific value of Fig. 10 (a) Plots of FRET efficiency versus fluorophore surface density for randomly arranged fluorophores (unclustered) and fluorophores arranged in low-and high-density clusters. The absence of changes in FRET efficiency can be used to detect clusters, while the magnitude of the FRET efficiency determines the local concentration in the cluster. (b) FRET efficiency is plotted versus fluorophore surface density when either the cluster dimension is the same but the internal density is varied (lower line), or the internal density is fixed but the size of the cluster changes (upper line). κ 2 , it does not allow for the value of R0 to depend on the specific direction in which the fluorophores are separated and how this compares to the orientations of the fluorophore transition dipoles.
To incorporate the fluorophore orientations directly into the Monte Carlo calculation scheme, we wrote a second program called thetaFRET. This has less functionality for the generation of fluorophore coordinates, but can be used to calculate the likely FRET efficiency of a set of fluorophores when information about both their positions and some information about their orientations are known. In this case, the fluorophore positions are uploaded from a coordinate file in a manner similar to the user-generated coordinates option of ExiFRET. In addition, the fluorophore orientations are modeled from random motion within a cone, which is described by the mean transition dipole orientation and the cone angle as additional columns in the coordinate file. FRET efficiencies can be calculated either in a dynamic orientational-averaging regime, in which the fluorophore motion is assumed to be faster than the energy transfer time (thus κ 2 is averaged over many possible fluorophore orientations), or in a static orientational-averaging regime, in which the FRET efficiency is calculated for each instantaneous set of fluorophore orientations.
As an example of this program, in Fig 11(a) we consider the FRET efficiency of a pair of fluorophores separated by a distance equivalent to R0, as calculated assuming κ 2 ¼ 2∕3. Here, we plot FRET efficiency as a function of the orientational freedom of the fluorophores, as described by the size of the cone angle in which they can move. When the cone angle θ ¼ 90 deg, then the dyes have complete orientational freedom, and in the case of the dynamic averaging regime where κ 2 ¼ 2∕3 and, thus, the FRET efficiency equals 0.5. However, as the orientational freedom of the fluorophores is reduced, the FRET efficiency changes dramatically. κ 2 depends on the relative orientation of the mean transition dipoles. In this case, its value rises to 4 when the dipoles are aligned parallel to each other and the direction of their separation (E ∼ 0.86) and to 1 when the dipoles are parallel to each other but perpendicular to the direction of separation (E ¼ 0.6). Notably, FRET efficiencies are always lower in a static orientational-averaging regime than in an equivalent dynamic case.
To give an example of when this program may be useful, we indicate in Fig. 11(b) how it could be used to gain structural information. Here, we calculate the FRET efficiency as a function of the angle between the donor and acceptor transition dipoles (ϕ) assuming that they both lie in the plane perpendicular to the direction of their separation. This could be useful, for example, if we were attempting to determine the twist or bend of a DNA strand using fluorophores that were tightly embedded in the molecule (thus limiting the orientation of the molecule), as is the case with fluorophores that are nucleic base analogs. 41 If the fluorophores have no orientational freedom (i.e., θ ¼ 0), then the FRET efficiency varies from 0.6 when the fluorophores are parallel to 0.0 when they are perpendicular. As the fluorophores become more mobile (as the cone angle θ increases) the change in FRET with the rotational angle ϕ decreases. In the case of nucleic acid analogs, the cone angle is very small, 41 and, thus, a plot like this could be used to relate a measured FRET efficiency directly to the twist of the DNA strand.
Concluding Remarks
The examples presented in this paper and the referenced studies demonstrate the versatility and capability of FRET for obtaining structural information of biomolecules and for investigating the aggregation of proteins and lipids in membrane environments. However, this study also highlights the importance of considering the presence of more than one pair of fluorophores in the data analysis. The results showed that the relationship between the FRET efficiency and fluorophore separation can strongly deviate from the commonly used 1∕R 6 relationship for fluorophores arranged in regular geometries such as those found in multimeric proteins or oligomers. We developed a Monte Carlo simulation scheme and implemented it in a flexible and userfriendly program called ExiFRET that allows the user to 
